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Abstract
Spreading depolarization (SD) is a self-propagating wave of near-complete neuronal depolarization that is
abundant in a wide range of neurological conditions, including stroke. SD was only recently documented in
humans and is now considered a therapeutic target for brain injury, but the mechanisms related to SD in
complex brains are not well understood. While there are numerous approaches to interventional imaging of
SD on the exposed brain surface, measuring SD deep in brain is so far only possible with low spatiotemporal
resolution and poor contrast. Here, we show that photoacoustic imaging enables the study of SD and its
hemodynamics deep in the gyrencephalic brain with high spatiotemporal resolution. As rapid neuronal
depolarization causes tissue hypoxia, we achieve this by continuously estimating blood oxygenation with
an intraoperative hybrid photoacoustic and ultrasonic (PAUS) imaging system. Due to its high resolution,
promising imaging depth and high contrast, this novel approach to SD imaging can yield new insights into SD
and thereby lead to advances in stroke, and brain injury research.
Main
Spreading depolarization (SD) is a self-propagating wave of near-complete neuronal depolarization that occurs
abundantly [1] in individuals with progressive neuronal injury after stroke [2] and traumatic brain injury [3] as
well as subarachnoid hemorrhage [4], intracerebral hemorrhage [5], and migraine with aura [6,7]. Sixty years
after the discovery of SD [8], many mechanisms related to SD have still not fully been understood while recent
research increasingly finds SDs to be a therapeutic target in injured brain [9, 10].
In order to increase understanding of SD, the morphologies of their wave fronts have been a subject of intense
study [11–13]. In these, the gyrencephalic brain has been found to be capable of irregular SD propagation
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patterns [13,14] not found in lissencephalic brain. It remains to be studied if and how these patterns occur
and evolve in depth. A better classification of the morphologies of these wave fronts could lead to a clear
definition of a therapeutic target beyond mere occurrence of SD. The methods used to study SD can be
classified in electrophysiological and optical approaches. The current clinical state of the art for monitoring
SD is electrocorticography (ECoG) using subdural electrodes placed directly on the cortex [15,16] to record
electrical activity. Because SDs propagate far from their point of origin, placing ECoG electrodes allows
for remote monitoring of various brain injury. Characteristic patterns usually appear delayed for adjacent
electrodes, with an SD registering as a large near direct current (DC) shift in the electrodes signal, followed
by persistent depression of spontaneous cortical activity registering as higher frequency alternating current
(AC) signal components [15]. While ECoG is clinical practice for surface measurements, implanting electrodes
deep into the brain is the prime method of investigating SD beyond the brain surface. Doing so, SDs have
been shown to occur in deep structures of the lissencephalic brain and in the brainstem, where they have been
associated with sudden unexpected death in epilepsy [17]. How an SD, which originates on the cortex spreads
to deep structures without direct gray matter connection is unclear as the use of electrical monitoring does not
yield sufficient spatial information.
While optical techniques are not in routine clinical use, a range of them are used to study SD. They
can yield high spatiotemporal resolution information usually related to the hemodynamic response to SD.
These techniques include two photon microscopy (TPM) [12, 18–20], laser speckle (LS) imaging [11, 21, 22],
intrinsic optical signal (IOS) imaging [13,23, 24] and near infrared spectroscopy (NIRS) [25–27]. TPM has an
exceptional, single cell spatial resolution using the fluorescence of reduced nicotinamide adenine dinucleotide
(NADH) as contrast. It can achieve a temporal resolution in a seconds range for a sub-millimeter imaging
field [12] and has a sub-millimeter penetration depth. TPM is therefore mostly used in small animal models.
LS imaging or LS flowmetry images changes in cerebral blood flow in single vessels [22]. It is complementary
to the larger field of view IOS imaging [21] which images reflectance changes of light in one [24] or two [23]
narrow bands. IOS has approximately one second temporal resolution and micron spatial resolution, while
again being diffusion limited to a sub-millimeter penetration depth and no depth resolution. NIRS, in contrast
to the other optical techniques, is no imaging technique but employs point measurement probes [25] or optrode
strips [26] to monitor millimeter scale areas similar to electrodes. Like IOS, it indirectly measures reflectances
correlated to relative concentration changes of the chromophores oxyhemoglobin (HbO) and deoxyhemoglobin
(Hb), but its signal response is integrated over the area under the probe, leading to single spot measurements
and no spatial resolution.
Functional magnetic resonance imaging (fMRI) with blood oxygen level dependent (BOLD) or diffusion
weighted contrasts is the only modality that has been used to image the hemodynamic response of SD
deep in brain [7]. Substantial drawbacks besides the complex imaging setup are the poor spatiotemporal
resolution [28,29] and low contrast [7] when compared to optical or electrical measurements.
Overall, it can be concluded that the imaging methods proposed to date either feature high spatiotemporal
resolution (IOS, TPM, LS) or are capable to provide depth-resolved information on SD beyond the surface
(fMRI, implanted electrodes), but cannot provide both. To address this bottleneck, we investigate photoacoustic
(PA) imaging as a possible high-resolution imaging technique for measuring SD deep in the gyrencephalic
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brain. Near infrared (NIR) light can penetrate deep into tissue, is scattered and gets diffused, thereby losing
spatial information after a fraction of a millimeter. Photoacoustics [30] is capable of imaging beyond this
sub-millimeter optical diffusion limit through the PA effect [31]; light is delivered as a nanosecond laser pulse
and where it is absorbed, it causes sudden thermoelastic expansion which in turn gives rise to acoustic waves.
The ultrasonic spectral component of these waves emitted by the PA effect scatter much less than NIR light
in tissue and can be detected by ultrasound (US) probes. Reconstructing their origin yields PA images. A
multispectral stack of such images can be processed to reconstruct images of estimated tissue oxygenation
that feature the spatiotemporal resolution and imaging depth of US combined with the optical contrast of
NIRS. Multispectral photoacoustic imaging has shown to image blood oxygenation and perfusion in a variety
of applications [32–36]. In the context of brain imaging, however, the application of PA has been restricted to
lissencephalic brains [29] and its potential for monitoring SD remains to be investigated.
Rapid neuronal depolarization and repolarization causes tissue hypoxia [12]. Therefore, our work is based
on the assumption that the imaging of hemodynamic changes with photoacoustics enables the monitoring
of SD deep inside the tissue. We hypothesize that multispectral PA imaging is able to image SD induced
hemodynamic changes in the entirety of the cortical gray matter of a gyrencephalic brain. For the purposes of
this study, we measure an estimation of blood oxygenation (sO2) and total hemoglobin (THb). Our imaging
concept, which is illustrated in Fig. 1, relies on a hybrid photoacoustic ultrasonic (PAUS) imaging system
which combines (1) an US research system featuring a linear US transducer with a center frequency of 7.5 MHz
and broad acoustic response [37] with (2) a near infrared (NIR) fast tuning optical parametric oscillator (OPO)
laser [38] (see Methods). The system operates in an interleaved PAUS imaging mode, acquiring multispectral
PA sequences with corresponding US images for each PA image. This concurrent US imaging is used as
anatomical reference for the physician (e.g. as guidance for the stimulation) and for motion compensation of
the PA data (see Methods). Each multispectral PA image stack is converted into an image of estimated sO2
and by spectral unmixing.
Laser system
Ultrasound DAQ
KCl stimulation
Stereotactic frame
ECoG electrodes
Figure 1. Setup for characterizing spreading depolarization (SD)
deep inside the gyrencephalic brain with a hybrid photoacoustic
ultrasonic (PAUS) imaging system. The PAUS probe is placed
on a gel pad to allow for PAUS-guided potassium chloride (KCl)
stimulation in the imaging plane. Electrocorticography (ECoG)
recordings serve as a clinical reference.
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Experiments & Results
Two experiments were performed with our PAUS system to investigate whether the monitoring of tissue
oxygenation with PA enables the detection and monitoring of SDs in the entire depth of the cortical gray
matter of a gyrencephalic brain. In both experiments, brain activity was monitored with ECoG using a
standard subdural electrode strip (Fig. 1).
The aim of the initial wave experiment was to investigate if the hemodynamic response of the brain to
an induced SD can be imaged with multispectral PA. We performed the experiment in an uninjured brain.
To analyze tissue hemodynamics before, during and after the occurence of SD, we took continuous PAUS
measurements starting 24 min before the the first potassium chloride (KCl) stimulation (see Fig. 1) and ending
one hour after the stimulation. After the experiment we cut sagittal surgical slices from the extracted brain to
relate the acquired PA and US images to the brain morphology as seen on the exposed tissue. As shown in
Fig. 2 we were able to image PA signal up to a depth of approximately 1 cm, which allowed us to image the
entire cortical gray matter in the field of view of the imaging plane.
Figure 2. Hybrid photoacoustic ultrasonic (PAUS) imaging of a
porcine brain. The dashed white line and boxes show corresponding
sections of the swine cortex. (a) Photograph of a sagittal surgical
slice segmented from the extracted brain, 1 cm from the midline.
The shown segment is manually registered to (b) a representative
photoacoustic (PA) image with two regions of interest (ROI), and
(c) the corresponding ultrasound (US) B-Mode image. (d) Photo-
graph of the exposed cortex after the craniotomy and dura mater
retraction with the dashed line marking the PAUS imaging plane.
The electrocorticography (ECoG) electrodes are positioned in the
lateral margins.
By estimating sO2 in each pixel of our reconstructed multispectral images we observed a single wave of
hypoxia spreading from the point of KCl stimulation through the tissue at a speed of approximately 5 mm/min.
The estimated sO2 for two sub-surface regions of interest (ROI) is plotted in Fig. 3 a to illustrate this wave.
sO2 in a wide field of view during the same time frame is shown in Supplemental Video 1 played at a factor
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Figure 3. Results of initial wave experiment showing spreading de-
polarization (SD) starting from an equilibrium state. (a) Estimated
blood oxygenation (sO2) of two regions of interest (ROI) in the left
hemisphere (see Fig. 2 b). (b) Simultaneous electrocorticography
(ECoG) monitoring. Data from two adjacent electrodes on the
left hemisphere is shown – the other three channels on the left
hemisphere and the five channels on the right hemisphere showed
no change. The electrodes were placed on the lateral margins of
the brain as to not interfere with hybrid photoacoustic ultrasonic
(PAUS) imaging. (c)–(g) Absolute change in estimated sO2 (∆
sO2) in a region near the stimulation site (c) before potassium
chloride (KCl) stimulation and (d)–(g) 10-80 s after stimulation. In
(d)–(f) spreading, intensifying hypoxia is measured followed by (g)
an overcompensation in sO2.
100 timelapse. The wave of hypoxia coincides with the ECoG measurements on two electrodes in the proximity
whose signals are plotted in Fig. 3 b; they clearly show a single SD wave moving through the cortex, while the
other electrodes on both hemispheres showed no change in activity. Fig. 3 c–g shows the change in estimated
sO2 in the region around the stimulation as hypoxia propagating through the tissue followed by an increase in
sO2 over the baseline.
The purpose of the cluster experiment was to investigate the hemodynamic changes during SD clusters
with PAUS. To this end, we repeatedly stimulated the brain with KCl until we observed the occurrence of
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Figure 4. Multispectral photoacoustic (PA) imaging of blood oxygenation (sO2) as part of the cluster experiment. After a 15 min
baseline scan, spreading depolarization (SD) was induced by potassium chloride (KCl) stimulation in the left hemisphere of a porcine
brain. The sagittal plane was continuously imaged for 51 min. (a) PA sO2 estimation before stimulation with marked regions of interest
(ROI). Refer to Supplemental Video 2 – a time lapse video of the change of sO2 – for a complete view. The playback speed is 90 times
the recording speed. (b) Time evolution of estimated sO2 in the two ROI (top: whole recording period; bottom: first wave). (c) The
change in blood oxygenation (∆sO2) relative to before KCl stimulation is shown for three example time steps 30 seconds apart (T1, T2
and T3), corresponding to the dashed lines in (b).
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clustered SDs both electrically with ECoG and optically with IOS as an additional state of the art reference
for surface measurement of SD. Once the SDs had subsided, we started PAUS measurements with a new KCl
stimulation after a baseline recording period of 15 min (details see Methods).
As shown in Fig. 4 a + b as well as Supplemental Video 2, there again was no change in the sO2 estimation in
the imaged sagittal plane in the left hemisphere during the baseline period. After KCl stimulation, we observed
repetitive waves of hypoxia propagating through the imaging plane, followed by an overcompensation in sO2
propagating through the cortex to up to a depth of approximately 2 to 5 mm below the brain surface. Fig.
4c illustrates one such wave propagating from left to right during one minute as a change in sO2 estimation.
The speed of the waves was measured as 3–9 mm/min between ROI 1 and 2. ECoG measurements on the left
hemisphere shown in Fig. 5 b indicate a SD cluster with the same frequency and speed of the sO2 changes
(Fig. 5 a). As was the case in the initial wave experiment no change in ECoG activity in the right hemisphere
was observed.
In addition to the sO2 estimation from spectral unmixing we estimated the total hemoglobin (THb) for the
cluster experiment ; this is visualized in Supplemental Video 3. The changes of THb in the ROI are shown in
Fig. 5 c, where ROIs 3 and 4 seem to exhibit low frequency vascular fluctuations (LF-VF) [39] which appear to
be depressed after SD [11,40].
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Figure 5. Monitoring of hemodynamic changes in four regions
of interest (ROI) (see Fig. 4 a) as part of the cluster experiment.
Spreading Depolarization (SD) was induced 15 min after start of
recording by potassium chloride (KCl) stimulation on the left hemi-
sphere of a porcine brain. (a) Blood oxygenation (sO2) in four
ROIs in the left hemisphere. (b) Simultaneous electrocorticography
(ECoG) monitoring with five electrodes placed on the left hemi-
sphere of the porcine brain. The occurrence of clustered SD is
clearly visible as sudden direct current (DC) shifts spreading to
neighboring channels, coinciding with spreading depression of the
high frequency components. (c) Monitoring of total hemoglobin
(THb) in four ROI. In ROI 3 and ROI 4 low frequency vascular fluc-
tuations (LF-VF) can be observed which appear to be periodically
depressed by SD.
Discussion
We investigated the imaging of SDs based on the concept of PA imaging. Our approach involves simultaneous
US and multispectral PA imaging for time-resolved reconstruction of tissue oxygenation in sagittal image slices.
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Two in vivo porcine experiments with our PAUS system provide the following evidence suggesting that our
concept allows for the detection and monitoring of SD.
(1) Hypoxia consistent with ECoG: By estimation of sO2, we observed pronounced drops in estimated sO2
after KCl stimulation (cf. Fig. 3 a + 4 b). This local hypoxia lasted for around 30 seconds and was followed by
an overcompensation or return to baseline sO2. These changes were consistent with the occurrence of SD in
ECoG. The indicators we used to identify SD in ECoG were based on consensus [15]: A characteristic abrupt
DC shift followed by a longer lasting positivity, and a reduction in amplitudes of spontaneous AC activity.
Both of which needed to spread with a speed of 1.5–9.5 mm/min between electrodes and not cross hemispheres.
(2) Transient increase in blood volume: By estimation of THb, we also observed a so-called normal
hemodynamic response – a pronounced transient increase in blood volume (hyperemia) which was followed by
a mild long-lasting oligemia (Fig. 5 c). Note that the results from THb estimation are less conclusive compared
to the sO2 based measurements as THb estimations are more susceptible to absolute changes in light fluence
over all measured wavelengths. This is caused by the change in illumination geometry due to swelling which
causes a slow shift in the absolute THb signal as shown in Fig. 4 c. Lower fluence, generally in higher depths
also cause the signal to noise ratio to deteriorate, which can be observed when comparing ROI 1 with ROI 3 in
Fig. 5 a.
(3) Speed of wave propagation: Both the changes in sO2 and THb propagated through the gray matter at
speeds of 3–9 mm/min. This is consistent with speed of SD reported in the literature as 1.7–9.2 mm/min [11]
or 1.5–9.5 mm/min [15] in gyrencephalic brain (3–9 mm/min in porcine brain [13]).
(4) Low-frequency vascular fluctuations: We also observed changes in low-frequency vascular fluctuations
(LF-VF) [40] (Fig. 5 c). The observed LF-VF ”display[ed] a spreading suppression in a similar fashion to that
of SDs” in ECoG (see [26]). Note that LF-VF were only visible in the vicinity of larger vessels, which was the
rationale for placing ROIs 3 and 4 in such regions.
We conclude from these observations that our measurements clearly support our initial hypothesis and
suggest that PAUS is able to image SD as a change in sO2. In contrast to all other methods proposed to
monitor SD to date, our approach has the unique advantage that it features both high resolution and high
imaging depth. While it is not suitable for imaging the entire gyrencephalic brain, penetration depth is
sufficient to image the entire thickness of the cortical grey matter. Furthermore, the simultaneous PA and US
imaging proved to be useful for anatomical orientation during the intervention (i.e. for needle guidance for
KCl stimulation). Given these advantages, we see a potential use of PA imaging for SD characterization i.e.
during pharmacological trials on the gyrencephalic brain. As the thickness of the human cerebral cortex is
comparable, usually averaging 2.5 mm and not exceeding 5 mm [41], PA imaging would be ideally suited for
the study of SD in patients, as well. While, PA imaging cannot currently penetrate through an intact human
skull [29], PA imaging could for example be used postoperative to study SD in stroke patients [42] with a
hemicraniectomy [43].
Our pilot study strongly suggests that photoacoustics could become a valuable tool for detection, imaging,
and monitoring SD. Due to its high spatiotemporal resolution this approach can be used to more precisely
study where (i.e. which neuron layer) SDs originate and how they propagate, thus adding to our understanding
of the nature of SD and its contribution to brain injuries and disease progression.
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Methods
PAUS imaging system
The custom built hybrid photoacoustic ultrasonic (PAUS) imaging system is based on a 128 channel ultrasound
data acquisition system (DiPhAs, Fraunhofer IBMT, St. Ingbert, Germany) with a 128-element linear US
transducer operating on a center frequency of 7.5 MHz and broad acoustic response (L7-Xtech, Vermon, Tours,
France). Due to its low level application programming interface (API) access, the system allows for raw data
access and an interleaved PAUS imaging mode. This interleaved mode acquires US data from several shots
after each PA data acquisition. The data acquisition (DAQ) module is combined with a fast tuning optical
parametric oscillator (OPO) laser cart (Phocus Mobile, Opotek, Carlsbad, USA) which yields 690 nm – 950 nm,
5 ns long laser pulses with a pulse repetition rate of 20 Hz and a per laser pulse power of up to 50 mJ. The
wavelength of each laser pulse can be tuned in between shots, allowing for real time multispectral acquisition
sequences. Laser fiber bundles ending in two line arrays are attached to the transducer by a 3D-printed frame
including acrylic windows for the laser output. For each experiment the entire probe was wrapped in a sterile
ultrasound probe cover and gold leaf was placed between the US transducer and the probe cover to reduce
artifacts created by light absorption in the US transducer. For live imaging and recording all APIs to the
system were integrated in the Medical Imaging Interaction Toolkit (MITK) software framework and the MITK
workbench application was used throughout the intervention to control the PAUS system, configure the image
acquisition, and show live PA and US imaging streams. During our experiments we visualized both streams
with 15–20 fps using delay and sum (DAS) beamforming for an imaging depth of 4 cm with 256 reconstructed
lines. For the initial wave experiment we imaged the wavelength sequencence (735 nm, 756 nm, 850 nm, 900 nm)
selected to distinguish Hb and HbO [44]. Because we added an estimation of THb in the cluster experiment we
instead imaged the isosbestic point of Hb and HbO at 798 nm for further reference, leading to the wavelength
sequencence (760 nm, 798 nm, 858 nm).
Image reconstruction
The raw radiofrequency (rf) PA data acquired during the experiments was matched with the laser pulse
energies recorded by a pyroelectric sensor (Ophir PE25-C, Ophir Optronics, North Andover, USA) built in
the laser system (Phocus Mobile, Opotek, Carlsbad, USA) and matched with the wavelengths of the laser
pulses measured by a spectrometer (HR2000+, Ocean Optics, Dunedin, USA). The wavelengths of the pulses
were measured independently of the imaging system to account for calibration errors. The rf PA slice was
then corrected for the corresponding pulse energies. The recorded PAUS data was already beamformed live
during the experiment to reduce the system load writing to disk. A single US slice was recorded after each PA
slice. The US image was a compounded image averaged from US data acquired at five angles, equidistant
from +10 deg to −10 deg and beamformed to 256 lines using a delay and sum (DAS) algorithm with boxcar
apodization. To convert the acquired rf PA slices into meaningful images suitable for multispectral analysis,
the slices were beamformed with a reference DAS implementation [45] using Hanning apodization to 512 lines.
B-Mode images with isotropic pixel spacing of 0.075 mm were formed with a Hilbert transform based envelope
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detection filter. US B-Mode images were formed in the same way, only adding a subsequent logarithmic
compression.
Motion compensation
The PA images obtained after beamforming are corrected for inter-frame motion introduced by breathing,
pulse or swelling (1) to enable a more stable spectral unmixing and (2) to assure that a given pixel location
corresponds to the same physical regions of interest (ROI). To correct for the inter-frame motion an optical
flow based method is employed. The optical flow of each US image relative to the first US image in the entire
recording is estimated using an algorithm proposed by Farneba¨ck [46]. The flow estimated from the US B-mode
image is then used to warp the corresponding PA B-mode image.
Experimental Data Analysis
Because of the slow propagation of SD wave fronts we averaged over ten motion corrected frames of the same
wavelength and still have the 1 s temporal resolution of IOS. Spectral unmixing of those image sequences was
then performed using a non-negative constrained linear least squares solver (scipy.optimize.nnls). In all
figures and supplemental material plots and videos one PA datapoint is averaged over ten frames and then
averaged over the ROIs. Speeds of SD wavefronts were obtained by measuring the time between the local
minima of sO2 ROI 1 and ROI 2. The positions of ROIs 1 and 2 in both experiments were chosen at 1 mm
depth and 7.5 mm apart, in the center of the reconstructed image stream. ROIs 3 and 4 were chosen deeper
and close to larger vessels to investigate the LF-VF effect which, as discussed, can only be observed there.
ROIs are otherwise representative of the entire data set as can be seen in the supplemental videos.
Animals
Protocols for all experiments were approved by the institutional animal care and use committee in Karlsruhe,
Baden-Wuerttemberg, Germany (Protocol No. 35-9185.81/G-174/16). Female German Landrace swines of 31
and 33 kg were premedicated with Midazolam (Dormicum 0.5–0.7 mg/kg) and Azaperone (Stresnil 4 mg/kg)
intramuscularly. After premedication, two venous lines were placed in the ear veins, and propofol (Disoprivan
5–7 mg/kg) was administered intravenously to facilitate the intubation. The animals were then intubated
and mechanically ventilated and the pressure controlled ventilation was adapted to a respiration rate of
12–20/min, a flow of 2.5 l O2/min, 2.0 l air/min, FiO2 35 % and volume 7–10 ml per kg. The maintenance of
anesthesia required inhalational anesthesia with isoflurane (Isosthesia 0.6—1.0 %) and intravenous midazolam
at a continuous dose of 0.5–0.7 mg/kg/h via perfusion and maintained throughout the entire experiment. If a
wakening reaction occurred, a bolus of propofol (Disoprivan 5–7 mg/kg) was administered. Temperature was
monitored with a rectal probe. A 4-Fr catheter was placed in the right femoral artery for permanent monitoring
of the mean arterial blood pressure (Raumedic AG, Helmbrechts, Germany). Capillary oxygen saturation
(SpO2) was monitored from one ear. Arterial blood gases were obtained in the animal used for the initial wave
experiment. Ringer’s solution was given intravenously over 8—12 h, to compensate for intraoperative bleeding,
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urinary output and insensible losses. The two animals used in this study were used primarily for this project.
After finishing the protocol the animal used for the cluster experiment was used for other unrelated studies.
Surgery
Animals were fixed in a stereotactic frame (Standard Stereotaxic Instruments, RWD Life Science, Shenzhen,
China) and an extensive craniotomy with excision of the dura mater was performed, to view the subarachnoidal
space bilaterally. Initially, the brain surface was immersed for 30 to 40 min in a standard lactated Ringer’s
solution with an elevated K+ concentration (7 mmol/l), as preconditioning for SD induction, as proposed by
Bowyer et al. [47] for the KCl model of SD. EcoG was performed with two strips of 5 electrodes each (Ad-tech,
Racine, Wisconsin, USA) that were placed at the lateral margins of the craniotomy below the dura mater and
above the parietal cortex. A camera for IOS imaging and its corresponding light sources were mounted above
the stereotactic frame. After preconditioning a 5–10 mm deep paraffin pool was filled over the exposed cortex,
to reduce the diffusion of the KCl stimulation. When necessary, paraffin was withdrawn and new paraffin was
added. The preparation time was 4–5 h before the KCl stimulations started. A gel pad (Aquaflex Ultrasound
Gel Pad, Parker Laboratories, Fairfield, USA) was cut in shape of the exposed brain surface and placed in the
paraffin pool. The custom designed PAUS probe (see Methods, PAUS Imaging system) was placed on top
the gel pad and fixed relative to the frame. For the initial wave experiment the gel pad and PAUS imaging
system was placed before the initial stimulation. For the cluster experiment the gel pad and system was placed
after the initial KCl stimulations and the accompanying IOS imaging was performed. With the help of live US
imaging, it was positioned to image a sagittal plane of the left hemisphere approximately 1 cm from the midline.
For the cluster experiment we waited until any residual SD from prior stimulation subsided in the ECoG
monitoring. Only then did we start recording PAUS data in a sagittal plane for 15 min as a baseline. After a
sufficient baseline recording, spreading depolarization was triggered using 2–5µl of 1 mol/l KCl solution with a
Hamilton syringe. The stimulus needle was guided using the live PAUS image streams visualized in MITK.
Monitoring
All relevant physiological parameters, such as mean arterial pressure, rectal temperature, heart rate, and
arterial oxygen saturation, were continuously monitored. A mean systolic arterial pressure of 60 to 80 mmHg,
a temperature between 36 and 37 ◦C, SaO2 > 90 %, pCO2 between 35 and 45 mmHg, pO2 > 80 mmHg were
maintained.
Electrocorticography
Electrocorticography (ECoG) recording with the subdural electrodes was perfomed in 10 active channels, using
the Powerlab 16/SP analogue/digital converter coupled with the LabChart-7 software (ADInstruments, New
South Wales, Australia) at a sampling frequency of 400 Hz. For visualization, in all figures and supplemental
material, ECoG data was post-processed in Python using a 45 Hz Butterworth low pass filter to filter alternating
current (AC) noise.
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Intrinsic optical signal imaging
intrinsic optical signal (IOS) imaging is a functional neuroimaging technique that measures cortical reflectance
changes [24]. We imaged one band at a wavelength of 564 nm (14 nm FWHM) with a charge-coupled device
(CCD) camera (Smartec GC1621M, MaxxVision GmbH, Stuttgart, Germany) which was mounted 25 cm above
the exposed cortex. Images were acquired with static illumination and 2 s CCD integration time. Changes
in tissue reflectance were registered using a method described in [24]. IOS was only used as an additional
reference to the ECoG in the animal corresponding to the cluster experiment to ensure that preconditioning
was sufficient and SDs were easily triggered.
References
1. Jens P. Dreier. The role of spreading depression, spreading depolarization and spreading ischemia in
neurological disease. Nat. Med., 17(4):439–447, April 2011.
2. Christian Dohmen, Oliver W. Sakowitz, Martin Fabricius, Bert Bosche, Thomas Reithmeier, Ralf-Ingo
Ernestus, Gerrit Brinker, Jens P. Dreier, Johannes Woitzik, Anthony J. Strong, Rudolf Graf, and
Co-Operative Study of Brain Injury Depolarisations (COSBID). Spreading depolarizations occur in
human ischemic stroke with high incidence. Ann. Neurol., 63(6):720–728, June 2008.
3. Jed A. Hartings, M. Ross Bullock, David O. Okonkwo, Lilian S. Murray, Gordon D. Murray, Martin
Fabricius, Andrew Ir Maas, Johannes Woitzik, Oliver Sakowitz, Bruce Mathern, Bob Roozenbeek,
Hester Lingsma, Jens P. Dreier, Ava M. Puccio, Lori A. Shutter, Clemens Pahl, Anthony J. Strong,
and Co-Operative Study on Brain Injury Depolarisations. Spreading depolarisations and outcome after
traumatic brain injury: a prospective observational study. Lancet Neurol, 10(12):1058–1064, December
2011.
4. Jens P. Dreier, Johannes Woitzik, Martin Fabricius, Robin Bhatia, Sebastian Major, Chistoph Drenck-
hahn, Thomas-Nicolas Lehmann, Asita Sarrafzadeh, Lisette Willumsen, Jed A. Hartings, Oliver W.
Sakowitz, Jo¨rg H. Seemann, Anja Thieme, Martin Lauritzen, and Anthony J. Strong. Delayed is-
chaemic neurological deficits after subarachnoid haemorrhage are associated with clusters of spreading
depolarizations. Brain, 129(Pt 12):3224–3237, December 2006.
5. Raimund Helbok, Mario Kofler, Alois Josef Schiefecker, Maxime Gaasch, Verena Rass, Bettina Pfausler,
Ronny Beer, and Erich Schmutzhard. Clinical Use of Cerebral Microdialysis in Patients with Aneurysmal
Subarachnoid Hemorrhage—State of the Art. Front Neurol, 8, November 2017.
6. M. Lauritzen. Cerebral blood flow in migraine and cortical spreading depression. Acta Neurol. Scand.,
Suppl., 113:1–40, 1987.
7. Nouchine Hadjikhani, Margarita Sanchez del Rio, Ona Wu, Denis Schwartz, Dick Bakker, Bruce Fischl,
Kenneth K. Kwong, F. Michael Cutrer, Bruce R. Rosen, Roger B. H. Tootell, A. Gregory Sorensen,
11/16
and Michael A. Moskowitz. Mechanisms of migraine aura revealed by functional MRI in human visual
cortex. PNAS, 98(8):4687–4692, April 2001.
8. Aristides A. P. Leao. Spreading depression of activity in the cerebral cortex. Journal of Neurophysiology,
7(6):359–390, November 1944.
9. Cenk Ayata and Martin Lauritzen. Spreading Depression, Spreading Depolarizations, and the Cerebral
Vasculature. Physiol. Rev., 95(3):953–993, July 2015.
10. David Y. Chung, Fumiaki Oka, and Cenk Ayata. Spreading Depolarizations: A Therapeutic Target
Against Delayed Cerebral Ischemia After Subarachnoid Hemorrhage. Journal of Clinical Neurophysiology,
33(3):196–202, June 2016.
11. Johannes Woitzik, Nils Hecht, Alexandra Pinczolits, Nora Sandow, Sebastian Major, Maren K. L.
Winkler, Steffen Weber-Carstens, Christian Dohmen, Rudolf Graf, Anthony J. Strong, Jens P. Dreier,
Peter Vajkoczy, and COSBID study group. Propagation of cortical spreading depolarization in the
human cortex after malignant stroke. Neurology, 80(12):1095–1102, March 2013.
12. Takahiro Takano, Guo-Feng Tian, Weiguo Peng, Nanhong Lou, Ditte Lovatt, Anker J. Hansen, Karl A.
Kasischke, and Maiken Nedergaard. Cortical spreading depression causes and coincides with tissue
hypoxia. Nat. Neurosci., 10(6):754–762, June 2007.
13. Edgar Santos, Rena´n Sa´nchez-Porras, Oliver W. Sakowitz, Jens P. Dreier, and Markus A. Dahlem.
Heterogeneous propagation of spreading depolarizations in the lissencephalic and gyrencephalic brain. J.
Cereb. Blood Flow Metab., 37(7):2639–2643, July 2017.
14. Edgar Santos, Michael Scho¨ll, Rena´n Sa´nchez-Porras, Markus A. Dahlem, Humberto Silos, Andreas
Unterberg, Hartmut Dickhaus, and Oliver W. Sakowitz. Radial, spiral and reverberating waves of
spreading depolarization occur in the gyrencephalic brain. Neuroimage, 99:244–255, October 2014.
15. Jens P. Dreier, Martin Fabricius, Cenk Ayata, Oliver W. Sakowitz, C. William Shuttleworth, Christian
Dohmen, Rudolf Graf, Peter Vajkoczy, Raimund Helbok, Michiyasu Suzuki, Alois J. Schiefecker, Sebastian
Major, Maren Kl Winkler, Eun-Jeung Kang, Denny Milakara, Ana I. Oliveira-Ferreira, Clemens Reiffurth,
Gajanan S. Revankar, Kazutaka Sugimoto, Nora F. Dengler, Nils Hecht, Brandon Foreman, Bart Feyen,
Daniel Kondziella, Christian K. Friberg, Henning Piilgaard, Eric S. Rosenthal, M. Brandon Westover,
Anna Maslarova, Edgar Santos, Daniel Hertle, Rena´n Sa´nchez-Porras, Sharon L. Jewell, Baptiste
Balanc¸a, Johannes Platz, Jason M. Hinzman, Janos Lu¨ckl, Karl Schoknecht, Michael Scho¨ll, Christoph
Drenckhahn, Delphine Feuerstein, Nina Eriksen, Viktor Horst, Julia S. Bretz, Paul Jahnke, Michael
Scheel, Georg Bohner, Egill Rostrup, Bente Pakkenberg, Uwe Heinemann, Jan Claassen, Andrew P.
Carlson, Christina M. Kowoll, Svetlana Lublinsky, Yoash Chassidim, Ilan Shelef, Alon Friedman,
Gerrit Brinker, Michael Reiner, Sergei A. Kirov, R. David Andrew, Eszter Farkas, Erdem Gu¨resir,
Hartmut Vatter, Lee S. Chung, K. C. Brennan, Thomas Lieutaud, Stephane Marinesco, Andrew Ir Maas,
12/16
Juan Sahuquillo, Markus A. Dahlem, Frank Richter, Oscar Herreras, Martyn G. Boutelle, David O.
Okonkwo, M. Ross Bullock, Otto W. Witte, Peter Martus, Arn Mjm van den Maagdenberg, Michel D.
Ferrari, Rick M. Dijkhuizen, Lori A. Shutter, Norberto Andaluz, Andre´ P. Schulte, Brian MacVicar,
Tomas Watanabe, Johannes Woitzik, Martin Lauritzen, Anthony J. Strong, and Jed A. Hartings.
Recording, analysis, and interpretation of spreading depolarizations in neurointensive care: Review and
recommendations of the COSBID research group. J. Cereb. Blood Flow Metab., 37(5):1595–1625, May
2017.
16. Jed A. Hartings, J. Adam Wilson, Jason M. Hinzman, Sebastian Pollandt, Jens P. Dreier, Vince
DiNapoli, David M. Ficker, Lori A. Shutter, and Norberto Andaluz. Spreading depression in continuous
electroencephalography of brain trauma. Ann. Neurol., 76(5):681–694, November 2014.
17. Isamu Aiba and Jeffrey L. Noebels. Spreading depolarization in the brainstem mediates sudden
cardiorespiratory arrest in mouse SUDEP models. Science Translational Medicine, 7(282):282ra46–
282ra46, April 2015.
18. Julien Chuquet, Liad Hollender, and Esther A. Nimchinsky. High-Resolution In Vivo Imaging of the
Neurovascular Unit during Spreading Depression. J. Neurosci., 27(15):4036–4044, April 2007.
19. Timothy H. Murphy, Ping Li, Kellen E. Betts, and Richard Liu. Two-photon imaging of stroke onset
in vivo reveals that NMDA-receptor independent ischemic depolarization is the major cause of rapid
reversible damage to dendrites and spines., 2008.
20. W. Christopher Risher, Deborah Ard, Jianghe Yuan, and Sergei A. Kirov. Recurrent Spontaneous
Spreading Depolarizations Facilitate Acute Dendritic Injury in the Ischemic Penumbra. J Neurosci,
30(29):9859–9868, July 2010.
21. Phill B. Jones, Hwa Kyuong Shin, David A. Boas, Bradley T. Hyman, Michael J. Moskowitz, Cenk
Ayata, and Andrew K. Dunn. Simultaneous multispectral reflectance imaging and laser speckle flowmetry
of cerebral blood flow and oxygen metabolism in focal cerebral ischemia. JBO, JBOPFO, 13(4):044007,
July 2008.
22. Andrew K. Dunn, Hayrunnisa Bolay, Michael A. Moskowitz, and David A. Boas. Dynamic Imaging of
Cerebral Blood Flow Using Laser Speckle. J Cereb Blood Flow Metab, 21(3):195–201, March 2001.
23. Alyssa M. Ba, Michael Guiou, Nader Pouratian, Arpitha Muthialu, David E. Rex, Andrew F. Cannestra,
James W. Y. Chen, and Arthur W. Toga. Multiwavelength optical intrinsic signal imaging of cortical
spreading depression. J. Neurophysiol., 88(5):2726–2735, November 2002.
24. Edgar Santos, Michael Scho¨ll, Renan Sanchez-Porras, Modar Kentar, Berk Orakcioglu, Andreas Un-
terberg, Hartmut Dickhaus, and Oliver W. Sakowitz. Cortical spreading depression dynamics can be
studied using intrinsic optical signal imaging in gyrencephalic animal cortex. Acta Neurochir. Suppl.,
118:93–97, 2013.
13/16
25. Martin Seule, Emanuela Keller, Andreas Unterberg, and Oliver Sakowitz. The Hemodynamic Response
of Spreading Depolarization Observed by Near Infrared Spectroscopy After Aneurysmal Subarachnoid
Hemorrhage. Neurocrit Care, 23(1):108–112, August 2015.
26. Maren K. L. Winkler, Yoash Chassidim, Svetlana Lublinsky, Gajanan S. Revankar, Sebastian Major, Eun-
Jeung Kang, Ana I. Oliveira-Ferreira, Johannes Woitzik, Nora Sandow, Michael Scheel, Alon Friedman,
and Jens P. Dreier. Impaired neurovascular coupling to ictal epileptic activity and spreading depolarization
in a patient with subarachnoid hemorrhage: Possible link to blood–brain barrier dysfunction. Epilepsia,
53(s6):22–30, 2012.
27. P. W. McCormick, M. Stewart, M. G. Goetting, M. Dujovny, G. Lewis, and J. I. Ausman. Noninvasive
cerebral optical spectroscopy for monitoring cerebral oxygen delivery and hemodynamics. Crit Care
Med, 19(1):89–97, January 1991.
28. S. Umesh Rudrapatna, Arend M. Hamming, Marieke J. H. Wermer, Annette van der Toorn, and Rick M.
Dijkhuizen. Measurement of distinctive features of cortical spreading depolarizations with different MRI
contrasts. NMR Biomed, 28(5):591–600, May 2015.
29. Junjie Yao and Lihong V. Wang. Photoacoustic brain imaging: from microscopic to macroscopic scales.
Neurophotonics, 1(1), July 2014.
30. Lihong V Wang and Song Hu. Photoacoustic tomography: in vivo imaging from organelles to organs.
science, 335(6075):1458–1462, 2012.
31. Alexander Graham Bell. Art. xxxiv.–on the production and reproduction of sound by light. American
Journal of Science (1880-1910), 20(118):305, 1880.
32. Jun Xia, Junjie Yao, and Lihong V. Wang. Photoacoustic tomography: principles and advances.
Electromagn Waves (Camb), 147:1–22, 2014.
33. Changhui Li and Lihong V. Wang. Photoacoustic tomography and sensing in biomedicine. Phys Med
Biol, 54(19):R59–R97, October 2009.
34. Adrian Taruttis and Vasilis Ntziachristos. Advances in real-time multispectral optoacoustic imaging and
its applications. Nature Photonics, 9(4):219–227, April 2015.
35. Stratis Tzoumas and Vasilis Ntziachristos. Spectral unmixing techniques for optoacoustic imaging of
tissue pathophysiology. Philos Trans A Math Phys Eng Sci, 375(2107), November 2017.
36. Stratis Tzoumas, Antonio Nunes, Ivan Olefir, Stefan Stangl, Panagiotis Symvoulidis, Sarah Glasl,
Christine Bayer, Gabriele Multhoff, and Vasilis Ntziachristos. Eigenspectra optoacoustic tomography
achieves quantitative blood oxygenation imaging deep in tissues. Nature Communications, 7:12121, June
2016.
14/16
37. Thomas Kirchner, Esther Wild, Klaus H. Maier-Hein, and Lena Maier-Hein. Freehand photoacoustic
tomography for 3d angiography using local gradient information. In Photons Plus Ultrasound: Imaging
and Sensing 2016, volume 9708, page 97083G. International Society for Optics and Photonics, March
2016.
38. Jeesu Kim, Sara Park, Yuhan Jung, Sunyeob Chang, Jinyong Park, Yumiao Zhang, Jonathan F. Lovell,
and Chulhong Kim. Programmable Real-time Clinical Photoacoustic and Ultrasound Imaging System.
Scientific Reports, 6:35137, October 2016.
39. Hellmuth Obrig, Markus Neufang, Ru¨diger Wenzel, Matthias Kohl, Jens Steinbrink, Karl Einha¨upl, and
Arno Villringer. Spontaneous Low Frequency Oscillations of Cerebral Hemodynamics and Metabolism
in Human Adults. NeuroImage, 12(6):623–639, December 2000.
40. Jens P. Dreier, Sebastian Major, Andrew Manning, Johannes Woitzik, Chistoph Drenckhahn, Jens
Steinbrink, Christos Tolias, Ana I. Oliveira-Ferreira, Martin Fabricius, Jed A. Hartings, Peter Vajkoczy,
Martin Lauritzen, Ulrich Dirnagl, Georg Bohner, and Anthony J. Strong. Cortical spreading ischaemia
is a novel process involved in ischaemic damage in patients with aneurysmal subarachnoid haemorrhage.
Brain, 132(7):1866–1881, July 2009.
41. Bruce Fischl and Anders M Dale. Measuring the thickness of the human cerebral cortex from magnetic
resonance images. Proceedings of the National Academy of Sciences, 97(20):11050–11055, 2000.
42. Martin Lauritzen, Jens Peter Dreier, Martin Fabricius, Jed A Hartings, Rudolf Graf, and Anthony John
Strong. Clinical Relevance of Cortical Spreading Depression in Neurological Disorders: Migraine,
Malignant Stroke, Subarachnoid and Intracranial Hemorrhage, and Traumatic Brain Injury. J Cereb
Blood Flow Metab, 31(1):17–35, January 2011.
43. Eric Ju¨ttler, Andreas Unterberg, Johannes Woitzik, Julian Bo¨sel, Hemasse Amiri, Oliver W Sakowitz,
Matthias Gondan, Petra Schiller, Ronald Limprecht, Steffen Luntz, et al. Hemicraniectomy in older
patients with extensive middle-cerebral-artery stroke. New England Journal of Medicine, 370(12):1091–
1100, 2014.
44. Geoffrey P Luke, Seung Yun Nam, and Stanislav Y Emelianov. Optical wavelength selection for improved
spectroscopic photoacoustic imaging. Photoacoustics, 1(2):36–42, 2013.
45. Thomas Kirchner, Franz Sattler, Janek Gro¨hl, Lena Maier-Hein, Thomas Kirchner, Franz Sattler, Janek
Gro¨hl, and Lena Maier-Hein. Signed Real-Time Delay Multiply and Sum Beamforming for Multispectral
Photoacoustic Imaging. Journal of Imaging, 4(10):121, October 2018.
46. Gunnar Farneba¨ck. Two-Frame Motion Estimation Based on Polynomial Expansion. In Josef Bigun
and Tomas Gustavsson, editors, Image Analysis, Lecture Notes in Computer Science, pages 363–370.
Springer Berlin Heidelberg, 2003.
15/16
47. S. M. Bowyer, N. Tepley, N. Papuashvili, S. Kato, G. L. Barkley, K. M. A. Welch, and Y. C. Okada.
Analysis of MEG signals of spreading cortical depression with propagation constrained to a rectangular
cortical strip: II. Gyrencephalic swine model. Brain Research, 843(1):79–86, October 1999.
Acknowledgements
The authors would like to acknowledge support from the European Union through the ERC starting grant
COMBIOSCOPY under the New Horizon Framework Programme under grant agreement ERC-2015-StG-37960.
The authors declare no conflict of interest.
Author Contributions
T.K. conceived the study, implemented the system, designed the experiments, performed the experiments,
analyzed the data, drafted the initial manuscript; J.G. designed the experiments, performed the experiments,
analyzed the data, edited the entire manuscript; M.A.H. helped plan the experiments, performed the experiments,
edited the entire manuscript; T.A. performed the experiments, helped analyze the data, edited the entire
manuscript; A.H.-A. performed the experiments, edited the entire manuscript; E.S. conceived the study,
designed the experiments, performed the experiments, supervised the neurosurgical aspects of the work, edited
the entire manuscript; L.M.-H. conceived the study, designed the experiments, supervised the biomedical
informatics and engineering aspects of the work, edited the entire manuscript.
Supplemental Material
Supplemental Video 1
Initial wave experiment. Blood oxygenation (sO2): link to online video
Supplemental Video 2
Cluster experiment. Blood oxygenation (sO2): link to online video
Supplemental Video 3
Cluster experiment. Total Hemoglobin (THb) and low frequency vascular fluctuations (LF-VF): link to online
video
16/16
